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http://dx.doi.org/10.1016/j.jfma.201Background/Purpose: Dentin bonding agents (DBAs) are cytotoxic to dental pulp cells. This
study aimed to evaluate the effects of three DBAs (Optibond Solo Plus, Op; Clearfil SE Bond,
SE; and Xeno III, Xe) after diffusion through 0.2-mm or 0.5-mm dentin slices on reactive oxygen
species (ROS) production and apoptosis in dental pulp cells.
Methods: The amounts of DBAs diffusing through 0.2-mm or 0.5-mm dentin slices were quan-
tified using a UV-Vis spectrophotometer. The effects of diffused DBAs on ROS production and
viability of dental pulp cells were investigated using terminal deoxynucleotidyl transferase-
mediated dUTP nick-end labeling (TUNEL) assay on Days 1 and 2. Flow cytometric analysis
and double staining of treated dental pulp cells with Annexin V-fluorescein isothiocyanate
(V-FITC) and propidium iodide (PI) were performed on Day 2.
Results: Xe showed greatest diffusion through dentin slices after 8-hour period, followed by SE
and Op. Dental pulp cells produced a lesser amount of ROS, when treated with DBAs diffusing
through a 0.5-mm dentin slice than through a 0.2-mm dentin slice for the same period of time.
A small proportion of cells were TUNEL-positive after treatment with any of the three diffused
DBAs. Annexin V-FITC/PI staining identified apoptotic cells; cell survival was higher in thosentistry, National Taiwan University, Number 1, Chang-Te Street, Taipei 10016, Taiwan.
(W.-Y. Tseng).
ight ª 2013, Elsevier Taiwan LLC & Formosan Medical Association. All rights reserved.
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340 B.-S. Lee et al.cells treated with DBAs diffusing through a 0.5-mm dentin slice than through a 0.2-mm dentin
slice.
Conclusion: The three DBAs after diffusion through 0.2- or 0.5-mm dentin slice still exhibit cy-
totoxicity to dental pulp cells. However, the 0.5-mm dentin slice is found to be a better barrier
than the 0.2-mm dentin slice to protect dental pulp cells from DBA-induced cytotoxicity.
Copyright ª 2013, Elsevier Taiwan LLC & Formosan Medical Association. All rights reserved.Introduction
Dentists frequently perform indirect pulp capping during
daily dental practice when the dental pulp is almost
exposed. A 0.5e1-mm-thick calcium hydroxide liner is
generally used as a barrier to protect the underlying pulp
during indirect pulp capping procedures.1 The direct use of
dentin bonding agents (DBAs) instead of a calcium hydrox-
ide liner has been suggested because calcium hydroxide
liners reduce the area of dentin for bonding.2 However,
DBAs contain various monomers that exhibit cytotoxic
effects and cause cell apoptosis.3e6 Although dentin can
serve as a barrier to reduce the toxicity of zinc oxide
eugenol or acids during indirect pulp capping,7 a previous
study showed that monomers within the adhesives can
diffuse through dentin to influence cell survival.8 There-
fore, we may need to know whether a thin layer of dentin
can be used as a barrier to protect the underlying nearly
exposed pulp.
Although the cytotoxic effects of DBAs have not yet been
fully elucidated, DBAs have wide application in modern
dentistry. Among the different generations of bonding
agents, dentists popularly employ total-etch and self-etch
dentin bonding systems for composite resin restorations.
Total-etch dentin bonding systems remove the smear layer
on the dentin surface, exposing the underlying collagen
fibers. On the contrary, self-etch adhesive systems do not
completely remove the smear layer. Demineralization and
dentin deposition procedures occur almost simultaneously.9
Comparison of total-etch and self-etch adhesive cytotox-
icities revealed that the toxicity of self-etch adhesives was
equal to, or less than, that of total-etch adhesives.10
Another previous study found that the dental pulp capped
with self-etch adhesives exhibits a moderate to severe
inflammatory cell infiltrate in the area beneath the capping
materials.11
Previous studies evaluated the cytotoxicity of DBA by
using a dentin barrier to mimic the clinical situation.8,12e16
In this study, we used 3-(4,5-dimethylthiazol -2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay to assess
whether a thin dentin barrier could decrease the cytotox-
icity of DBAs. The advantages of MTT assay are its simplicity
and rapidity, but it does not provide information on cell
apoptosis. The cytotoxicity effects of DBA after diffusion
through a thin dentin slice on reactive oxygen species (ROS)
production and apoptosis in dental pulp cells remain
unclear. This study aimed to measure the amounts of one
total-etch [Optibond Solo Plus (Op)] and two self-etch
[Clearfil SE Bond (SE) and Xeno III (Xe)] adhesives after
diffusion through 0.2e0.5-mm dentin slice using a UV
spectrophotometer. The cytotoxic effects of DBAs diffusingthrough dentin slices on the production of ROS and viability
of dental pulp cells were investigated using terminal
deoxynucleotidyl transferase-mediated dUTP nick-end
labeling (TUNEL) and flow cytometric analysis after cells
stained with both Annexin V-fluorescein isothiocyanate
(FITC) and propidium iodide (PI).
Materials and methods
Specimen preparation
This study was performed according to a protocol approved
by the Institutional Review Board of the National Taiwan
University Hospital. Extracted human permanent molars
from 16e40-year-old patients were collected and stored in
distilled water containing 0.2% (w/v) thymol at 4C. Slices
of crown dentin (0.2 and 0.5 mm in thickness) were pre-
pared using a low-speed diamond wafering blade (Isomet,
Buehler Ltd., Lake Bluff, IL, USA) perpendicular to the long
axis of the tooth. Each dentin slice was subsequently cut
into a 4 mm  4 mm square. The dentin specimens were
wet-polished with 600 grit silica paper to create uniform
flat surfaces and finely adjust specimen thickness. Speci-
men thickness was precisely determined to be 0.20 and
0.50 mm by an electronic vernier (CD-10CX, Mitutoyo Co.,
Ltd., Tokyo, Japan). Specimens were then treated with 10%
(w/v) EDTA for 2 minutes and 2.5% (w/v) NaOCl for 1 min,
followed by three washes with physiological saline solution
for 2 minutes each to remove the smear layer. Specimens
were observed using a scanning electron microscope (SEM)
to confirm that the smear layer had been removed.
Evaluation of cytotoxicity using a dentin disc model
The tested materials (Table 1) were Optibond Solo Plus (Op,
Kerr Corp., Orange, CA, USA), Clearfil SE Bond (SE, Kuraray
Medical, Inc, Tokyo, Japan), andXeno III (Xe,Dentsply Detrey
GmbH,Konstanz,Germany). Dentin sliceswereplacedon the
bottom of transwell inserts (Costar Transwell Permeable
Supports, Corning, NY, USA; 6.5 mm in diameter, with a pore
size of 3.0 mm). The dentin surfaces were sealed with epoxy
resin, leaving a 2.5 mm  2.5 mm window for DBA applica-
tion. The gap between the circumference of the dentin slice
and the lateral wall of the transwell was also tightly sealed
with epoxy resin. Tested materials could, therefore, only
influence the viability of pulp cells by diffusing through the
dentin slices.Materialswere applied on the upper surfaces of
the slices according to the relevant manufacturer’s instruc-
tions. To compare the relative toxicities of different mate-
rials, the transwells were transferred into 24-well culture
Table 1 Composition of the selected materials.
Material name Company Composition
Optibond
Solo Plus (Op)
Kerr, Orange, CA, USA Ethyl alcohol, alkyl dimethacrylate resins, barium aluminoborosilicate
glass, fumed silica (silicon dioxide), sodium hexafluorosilicate 0.5-1 %
Clearfil SE
Bond (SE)
Kuraray Medical Inc,
Tokyo, Japan
Bisphenol A diglycidylmethacrylate, 2-HEMA, 10-methacryloyloxy -decyl
dihydrogenphosphate, hydrophobic aliphatic methacrylate, colloidal silica,
camphorquinone, initiators, accelerators, others
Xeno III (Xe) Dentsply Detrey GmbH,
Konstanz, Germany
Liquid A: HEMA, purified water, ethanol, butylated hydroxy toluene, highly
dispersed silicon dioxide.
Liquid B: phosphoric acid functionalised polymethacrylate resins, di- and
poly- functionalised methacrylate resins, butylated hidroxy toluene,
camphorquinone, 4- dimethylamino-ethyl-benzoate.
Effect of dentin bonding agent on pulp cells 341plates which had been seeded with human dental pulp cells.
Empty inserts served as the negative control group. Direct
addition ofOpandXe to transwellswithout dentin slices (5mL
per well) provided the positive controls. Primary human
dental pulp cells were cultured and characterized as
described previously.17
Measurement of DBA concentrations
DBAs were mixed with phosphate-buffered solution (PBS) to
a volume ratio of <0.01. According to light microscopy,
there were no precipitates of DBAs in the solutions. A
standard linear concentration of DBAs was obtained using
an ultraviolet-visible (UV-Vis) spectrophotometer (Beckman
Instruments Inc., Fullerton, CA, USA). The amounts of DBAs
diffusing through dentin slices into 3 mL PBS in a dentin disc
model were calculated using the standard linear
concentration.
Measurement of reactive oxygen species
Reactive oxygen species (ROS) measurements were per-
formed at 1 hour, 4 hours, and 8 hours using the methods
described previously18 and the oxidation-sensitive fluo-
rescent probe 2ʹ,7ʹ-Dichlorofluorescin diacetate (DCFH-DA)
(Sigma-Aldrich, St. Louis, MO, USA). Dichlorofluorescein
(DCF) is the oxidized form of DCFH-DA, and becomes highly
fluorescent at an excitation wavelength of 495 nm. Human
pulp fibroblasts were seeded at a density of 2  104 cells/
cm2 in Dulbecco’s modified Eagle’s medium (DMEM) with
10% (v/v) fetal bovine serum (FBS). After 24 hours, the
culture medium was replaced by DMEM with 0.2% (v/v) FBS
to induce cell quiescence. Cells were then stimulated by
DBAs diffusing through dentin slices for 1 hour, 4 hour, and 8
hours. At the end of the experimental period, the medium
was removed and cells were washed twice with PBS. Sub-
sequently, DCFH-DA (20mM) in PBS was added for 20 min, at
37C in the dark. The formation of DCF was monitored
fluorometrically for 60 minutes at an excitation wavelength
of 495 nm and an emission wavelength of 530 nm.
TUNEL assay
The TUNEL assay was performed on Days 0, 1, and 2 using a
previously described method.19 Apoptotic cells weredetected using the In Situ Cell Death Detection Kit (Roche
Diagnostics GmbH, Mannheim, Germany). Briefly, a 50-mL
homogeneous spread of TUNEL reaction mixture was added
to cells for 60 minutes at 37C in the dark. The cells were
washed twice with PBS and analyzed under a fluorescence
microscope at an excitation wavelength of 488 nm and
detection range of 515e565 nm.
Cytometric analysis with Annexin V-FITC and PI
Apoptotic cell death on Day 2 was determined using flow
cytometry (Cytomic FC500, Beckman Coulter Inc., CA, USA)
after PI and Annexin V-FITC double staining (Sigma-
Aldrich).20,21 In each group, a total of 1  105 cells (2  104
cells/well, n Z 5) were suspended in 500 mL of PBS. An
equal volume of cold 70% (v/v) ethanol was slowly added at
20C overnight to fix the cells. Cells were then washed
with cold PBS. After washing, 1 mL of PI/triton X-100 was
added to each sample. Cells were subjected to flow cyto-
metric analysis and cell cycle distribution was analyzed.
Statistical analysis
Results from ROS assays are expressed as a percentage of
the control groups. Means and standard deviations (SD)
were calculated for each time interval. Statistically sig-
nificant differences between the thicknesses of different
dental slices for each variable were established using
ANOVA and the post-hoc Tukey/Kramer test with p < 0.05.
Results
Fig. 1A displays the absorption peak of the DBAs in PBS
solution characterized at 203 nm. This wavelength provided
the standard linear concentrations of the three DBAs, as
shown in Fig. 1BeD. Fig. 1E shows the cumulative release of
the three DBAs diffusing through the 0.2-mm dentin slices,
and Fig. 1F shows the cumulative release of the three DBAs
diffusing through the 0.5-mm dentin slices. The released
amount of Xe was the highest irrespective of slice thick-
ness, followed by SE and Op. The cumulative release of Xe,
SE, and Op diffusing through the 0.2-mm dentin slices after
8 hours of application was 0.136  0.016 mL/mL,
0.083  0.011 mL/mL, and 0.015  0.001 mL/mL, respec-
tively, as shown in Fig. 1E. After the same application time,
Figure 1 (A) The absorption peak of DBAs in PBS solution with a wavelength ranging from 190 nm to 1100 nm was identified at
203 nm. The standard linear concentration of Op (B), SE (C), and Xe (D) was observed at 203 nm. (E,F) Cumulative release of the
three DBAs diffusing through the 0.2-mm and 0.5-mm dentin slices (nZ 3), respectively. Xe had the highest release, followed by SE
and Op. DBA Z dentin bonding agent; Op Z Optibond Solo Plus; PBS Z phosphate-buffered solution; SE Z Clearfil SE Bond;
Xe Z Xeno III.
342 B.-S. Lee et al.the cumulative release of Xe, SE and Op diffusing through
the 0.5-mm dentin slices was 0.111  0.011 mL/mL,
0.075  0.009 mL/mL, and 0.015  0.001 mL/mL, respec-
tively, as shown in Fig. 1F.
The amounts of ROS produced by dental pulp cells after
exposure to three DBAs diffusing through the 0.2-mm and
0.5-mm dentin slices for 1 hour, 4 hours, and 8 hours
(n Z 5) are shown in Table 2. ROS production following
application of Xe for 1 hour, 4 hours, or 8 hours was sig-
nificantly higher in the 0.2-mm dentin slice group than in
the 0.5-mm dentin slice group (p < 0.05). Furthermore, ROS
production following the application of SE for 4 or 8 hours
was significantly higher in the 0.2-mm dentin slice group
than that in the 0.5-mm dentin slice group (p < 0.05). In
addition, ROS production following application of Op for8 hours was significantly higher in the 0.2-mm dentin slice
group than that in the 0.5-mm dentin slice group (p < 0.05).
As shown inFig.2A, thecell numbers in thepositivecontrol
group showed a marked decrease at 4 hours. Moreover, cells
became rounded in shape, and apoptotic staining increased
after treatment with Op and Xe for 4 hours (Fig. 2A). The
TUNEL assay revealed few apoptotic cells in the three
experimental groups and no apoptotic cells in the negative
control group, as shown inFig. 2B.AfterexposureofOp, SE,or
Xe for 2 days, flow cytometric analysis of cells stained with
both Annexin V-FITC and PI revealed the percentages of via-
ble cells (lower-left quadrant), apoptotic cells (lower-right
quadrant), late apoptotic cells (upper-right quadrant), and
necrotic cells (upper-left quadrant) (Fig. 3). It was found that
cell survival was higher in those cells treated with one of the
Table 2 The amount of ROS (expressed as a percentage of
the control groups) produced by dental pulp cells after
exposure to three DBAs diffusing through the 0.2-mm and
0.5-mm dentin slices for 1 hr, 4 hr, and 8 hr (n Z 5)
(*p < 0.05).
0.2-mm dentin 0.5mm-dentin p
Op 1hr 107.74  10.72 98.73  7.54 0.163
4hr 104.15  6.12 98.17  3.85 0.102
8hr 105.81  7.96 96.24  0.3 0.028*
SE 1hr 104.29  8.37 94.59  7.94 0.097
4hr 116.55  2.85 102.47  2.95 < 0.001*
8hr 116.63  5.09 96.8  1.92 < 0.001*
Xe 1hr 105.39  3.77 97.44  4.94 0.021*
4hr 121.68  6.25 105.82  5.98 0.003*
8hr 113.99  5.07 96.81  1.04 < 0.001*
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through 0.2-mm dentin slice. In the 0.2-mm dentin slice
groups, the percentage of cell survival was higher after Xe
treatment than after Op or SE treatment. However, in the
0.5-mm dentin slice groups, the percentages of cell survival
following exposure to the three DBAs were similar. The per-
centages of apoptotic, late apoptotic, and necrotic cells for
the three DBAs were also higher in the 0.2-mm-dentin slice
groups than those in the 0.5-mm dentin slice groups.
Discussion
This study used 0.2-mm and 0.5-mm dentin barriers and
transwells to simulate the clinical situation of nearly
exposed pulp and to investigate the response of dental pulp
cells to diffused components of DBAs. A UV-Vis spectropho-
tometer was used to quantify the released amounts of DBAs
diffusing through 0.2- or 0.5-mm-thick dentin slices.
Although high-performance liquid chromatography (HPLC) is
typically used to characterize and quantify the diffused
components of DBAs,22 it is difficult to apply this technique
in the present study because the specific components of the
DBAs were unavailable. However, analysis using UV spec-
trophotometry provided a simple means of estimating the
diffused DBA concentrations. Our group had previously used
UV spectrophotometry to calculate the release of lovastatin
from nanoparticles.23 In the present study, the examination
of the characteristic absorption peaks of DBAs in PBS sol-
ution in the 190-nm to 1100-nmwavelength region identified
only one prominent peak at 203 nm. This phenomenon
avoided measurement interference caused by the presence
of two or more absorption peaks. The intensity at 203 nm
provided the standard linear concentrations of the three
DBAs with high coefficient (R2 Z 0.99), and enabled the
calculation of the cumulative release of the three DBAs
diffusing through 0.2-mm or 0.5-mm dentin slice.
The demonstration of cumulative release indicated that
the three DBAs could diffuse through dentin slices. There are
two possible explanations for the diffusion of DBAs. The first
is the time lag of DBA application and light-induced poly-
merization. Following application of DBA to the dentin sur-
face, the DBA begins to diffuse through the dentin slice
before commencement of light-induced polymerization.The second is the incomplete polymerization of DBAs due to
surface contact with oxygen as residual monomers continue
to diffuse after light-induced polymerization.16 Our results
showed that irrespective of slice thickness, Xe demon-
strated the highest potential of diffusion, followed by SE and
Op. A possible explanation for the higher diffusion ability of
Xe is that it contains urethane dimethacrylate, which has a
lower molecular weight than bis-GMA (bisphenol-A diglyci-
dylether methacrylate), a monomer found in SE and Op.9
Optibond Solo Plus is a total-etch adhesive that uses
phosphoric acid to remove the smear layer. Clearfil SE Bond
and Xe are self-etch adhesives; their acidic primer consists
of acidic functional monomers with a pH higher than that of
phosphoric acid gels.24 The hybrid zone generated by self-
etch adhesives incorporates the smear layer and miner-
als.25 Pashley et al. reported that the presence of a smear
layer can reduce material diffusion through dentin by
25e30%.26 To avoid the interference by the smear layer, all
dentin slice specimens were washed with EDTA and NaOCl
solutions to remove the smear layer in our study.
Significantly higher amount of ROS production by dental
pulp cells in the 0.2-mm dentin slice groups than in the 0.5-
mm dentin slice groups indicates that even a thin layer of
dentin can act as a barrier to protect pulp cells from
chemical damage. This protection effect enhances with
increasing dentin thickness. A higher amount of DBAs did
not accordingly generate higher production of ROS at dif-
ferent tested time points. This suggests that the amount
and composition of DBAs and testing duration are factors
that influence the amount of ROS production.
The present study used TUNEL assay to detect early DNA
fragmentation of cells undergoing apoptosis.27 The dou-
bling time of dental pulp cells was 12e23 hours28; thus the
emergence of TUNEL-positive dental pulp cells following
stimulation by DBAs occurred on Days 1 and 2. Our results of
TUNEL assay showed cell apoptosis following treatment
with all three DBAs in 0.2-mm dentin slice groups. Reactive
oxygen species can damage DNA and are known key factors
leading to cell apoptosis.4,28 Therefore, our TUNEL assay
results indicated that the amounts of DBAs were sufficient
to induce high levels of ROS production, which in turn
induced cell apoptosis on Days 1 and 2.
Annexin V, which binds to externalized phosphati-
dylserine, can be used as a probe to detect early-stage
apoptosis because it stains cells before the plasma mem-
brane integrity is lost.29 PI is a DNA intercalating fluo-
rochrome, especially at higher concentrations. It can
discriminate live cells from early apoptotic cells, which are
nearly negatively stained by PI, and from late apoptotic and
necrotic cells, which are strongly stained by PI. Double
staining of cells with both FITC-conjugated Annexin V and PI
enables detection of the non-apoptotic live cells (FITC-
negative/PI-negative), early apoptotic cells (FITC-positive/
PI-negative), late apoptotic cells (FITC-negative/PI-pos-
itive), and necrotic cells (FITC-positive/PI-positive).30 The
higher cell survival rate in 0.5-mm dentin slice groups than
in 0.2-mm dentin slice groups corresponded to the lower
ROS production in 0.5-mm dentin slice groups than in 0.2-
mm dentin slice groups. The similar ROS production in
0.5-mm dentin slice groups for the three DBAs also reflec-
ted similar cell survival rates after incubation with three
DBAs in 0.5-mm dentin slice groups in the flow cytometric
Figure 2 Phase contrast and fluorescence microscopic photographs of dental pulp fibroblasts. (A) Phase contrast microphoto-
graphs (upper panel) and the TUNEL stain of the apoptotic cells (lower panel) in the negative (no DBAs) and postive control groups
(Op and Xe without dentin slices) after treament of cells for 4 hours. The white arrows indicate one of the stained apoptoic cells.
The number of cells in the positive control groups decreased significantly and the cells became rounded. (B) Cell apoptosis was
assayed for three DBAs diffusing through 0.2-mm dentin slices using Phase contrast microscopy (left panel) and TUNEL staining
(right panel). Apoptotic cells (green, highlighted by the arrow) were observed in the cell cultures treated with Op, SE, and Xe after
diffusing through the 0.2-mm dentin slices. DBA Z dentin bonding agent; Op Z Optibond Solo Plus; PBS Z phosphate-buffered
solution; SEZ Clearfil SE Bond; TUNELZ terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling; XeZ Xeno III.
344 B.-S. Lee et al.analysis. However, the highest cell survival in three 0.2-mm
dentin slice groups occurred in the Xe group (68.6%), which
did not demonstrate lowest ROS production. The possible
explanation for this may be attributed to that ROS was notthe only factor inducing cell death. Porto et al. reported
that reduced NO production can also affect cell metabolism
and cell death.16 However, the exact mechanisms by which
DBAs may induce cell death need further investigation.
Figure 3 After exposure of three DBAs for 2 days, the cell cultures were stained with both Annexin V-FITC (V) and PI, and then
analyzed by flow cytometry. The values indicate the percentage of viable cells (lower-left quadrant), apoptotic cells (lower-right
quadrant), late apoptotic cells (upper-right quadrant), and necrotic cells (upper-left quadrant). When the same DBA was used to
stimulate the cells, the percentages of surviving cells were higher in the 0.5-mm dentin slice groups than those in the 0.2-mm
dentin slice groups. However, the percentages of surviving cells for the three DBAs in the 0.5-mm dentin slice groups were
nearly similar. DBA Z dentin bonding agent; PI Z propidium iodide; V-FITC Z V-fluorescein isothiocyanate.
Effect of dentin bonding agent on pulp cells 345The results of this study indicate that the three DBAs can
cause cell apoptosis and necrosis, irrespective of dentin
thickness of 0.2 mm or 0.5 mm. However, the cytotoxic
effect of DBAs may be further reduced in vivo because the
pulpal blood flow can remove and dilute eluted toxic com-
ponents. In the clinical condition, the presence of a smear
layer on the dentin surface can further decrease dentinal
permeability. The requirement for placing of a calcium
hydroxide liner on the nearly exposed pulp, therefore, needs
further investigation.
In summary, DBAs can diffuse through thin dentin slices
and stimulate dental pulp cells to produce ROS. This ROS
production can cause cell apoptosis in amounts corre-
sponding to the cell survival rate. The cytotoxicities to pulp
fibroblasts are at lower levels after treatment with the
three DBAs (Op, SE, and Xe) diffusing through 0.5-mm
dentin slices than through 0.2-mm dentin slices.
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